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Text S1. Plasmid constructs and protein expression. 

1. Detailed sequences of Avi-(ACTN1-SR3-SR4)-Spy:  

MHHHHHHGKPIPNPLLGLDSTENLYFQGIDPFTGLNDIFEAQKIEWHEGGGSG

KLTEKLLETIDQLYLEYAKRAAPFNNWMEGAMEDLQDTFIVHTIEEIQGLTTA

HEQFKATLPDADKERLAILGIHNEVSKIVQTYHVNMAGTNPYTTITPQEINGK

WDHVRQLVPRRDQALTEEHARQQHNERLRKQFGAQANVIGPWIQTKMEEIG

RISIEMHGTLEDQLSHLRQYEKSIVNYKPKIDQLEGDHQLIQEALIFDNKHTNY

TMEHIRVGWEQLLTTIARTINEVENQILTRDAKGISQEFGGGSGAHIVMVDAY

KPTK* 

The colored sequence is the 500th-745th a.a. residues based on the human alpha-actinin 

1( Uniprot P12814). The red colored sequence is the linker between SR3 and SR4. The 

two orange colored sequences are linkers between SR2 and SR3, SR4 and EF hand, 

respectively.  

 

2. Detailed sequences of Avi-(ACTN1-SR4)6 -Spy:  

MHHHHHHGKPIPNPLLGLDSTENLYFQGIDPFTGLNDIFEAQKIEWHEGFEIDK

VWYDLDAKLGDIEFIKVNKGGGSGLEEHARQQHNERLRKQFGAQANVIGPW

IQTKMEEIGRISIEMHGTLEDQLSHLRQYEKSIVNYKPKIDQLEGDHQLIQEALI

FDNKHTNYTMEHIRVGWEQLLTTIARTINEVENQILTRDAKGISQGGGSGEHA

RQQHNERLRKQFGAQANVIGPWIQTKMEEIGRISIEMHGTLEDQLSHLRQYE

KSIVNYKPKIDQLEGDHQLIQEALIFDNKHTNYTMEHIRVGWEQLLTTIARTIN

EVENQILTRDAKGISQGGGSGEHARQQHNERLRKQFGAQANVIGPWIQTKME



EIGRISIEMHGTLEDQLSHLRQYEKSIVNYKPKIDQLEGDHQLIQEALIFDNKH

TNYTMEHIRVGWEQLLTTIARTINEVENQILTRDAKGISQGGGSGEHARQQHN

ERLRKQFGAQANVIGPWIQTKMEEIGRISIEMHGTLEDQLSHLRQYEKSIVNY

KPKIDQLEGDHQLIQEALIFDNKHTNYTMEHIRVGWEQLLTTIARTINEVENQI

LTRDAKGISQGGGSGEHARQQHNERLRKQFGAQANVIGPWIQTKMEEIGRISI

EMHGTLEDQLSHLRQYEKSIVNYKPKIDQLEGDHQLIQEALIFDNKHTNYTM

EHIRVGWEQLLTTIARTINEVENQILTRDAKGISQGGGSGEHARQQHNERLRK

QFGAQANVIGPWIQTKMEEIGRISIEMHGTLEDQLSHLRQYEKSIVNYKPKID

QLEGDHQLIQEALIFDNKHTNYTMEHIRVGWEQLLTTIARTINEVENQILTRDA

KGISQGSGGGSGAHIVMVDAYKPTK* 

 

Text S2. Transition step size to residue number conversion. 

The force-extension curve of SR3/SR4/SR34 is determined by the rigid rotation 

fluctuation of a characteristic rigid-body with a length 𝑏~4.5 nm, estimated from the 

PDB file of the folded domain, which is the distance between the two force-attaching 

points (i.e., the N- to C- terminal distance in our experiment). This force-extension 

curve can be described by the freely-jointed chain polymer model with a single segment: 

𝑥FJC(𝑓) = 𝑏 (coth (
𝑓𝑏

𝑘B𝑇
) −

𝑘B𝑇

𝑓𝑏
).      (S1) 

The unfolded state of a domain can be a flexible peptide chain, and this force-extension 

curve can be described by the worm-like chain (WLC) polymer model through the 

Marko-Siggia formula1 with a bending persistence length of 𝐴~0.8 nm: 
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where 𝑙 = 𝑛 ∗ 𝑙0 is the contour length of the unfolded domain, 𝑛 is the number of 

residues of the domain, 𝑙0 = 0.38 nm is the contour length of per residue. Hence the 

unfolding/refolding step-size is the extension differences of the domain before and after 

unfolding at the transition (unfolding/refolding) force, i.e., 

∆𝑥(𝑓) = 𝑥WLC(𝑓) − 𝑥FJC(𝑓).      (S3) 

Based on the above equations, the contour length 𝑙  and the number of residues 𝑛 

involved in the transition can be obtained from the measured step-sizes of the transition 

at given force. 

  



 

Figure S1. Comparison of the α actinin-1 SR34 structure predicted by AlphaFold3 with 

the α actinin-2 SR34 structure (PDB ID：1SJJ) from the PDB database. All structures 

were equilibrated by 100 ns relaxation simulation.  

 

  



 

 

 

Figure S2. Free energy versus end-to-end distance profiles for (a) SR3, (b) SR4 and (c) 

SR34, respectively. Discrete data (gray circles) obtained from WHAM umbrella 

sampling analysis, in consistent with the blue curves which obtained by integrating the 

force with respect to the end-to-end distance of protein in Figure 5a to 5c. 

 

  



 

Figure S3. Representative structures for SR3 at the end-to-end distance of (a) 𝑑 =

5.1 nm, (b) 𝑑 = 5.8 nm, (c) 𝑑 = 7.6 nm and (d) 𝑑 = 8.5 nm. Representative amino 

acid residues are colored according to positively/negatively charged. Salt bridges 

Lys556-Asp616 and Arg518-Glu565 are abolished during the stretching of SR3, in 

consistent with the curve peaks in Figure 5a. 

 

  



 

Figure S4. Representative structures for SR4 at the end-to-end distance of (a) 𝑑 =

4.9 nm, (b) 𝑑 = 5.5 nm, (c) 𝑑 = 6.2 nm and (d) 𝑑 = 6.8 nm. Salt bridges Arg633-

Asp703 and Arg673-Glu733 are abolished during the stretching of SR4, in consistent 

with the curve peaks in Figure 5b. 

 

  



 

Figure S5. Representative structures for SR34 at the end-to-end distance of (a) 𝑑 =

11.7 nm , (b) 𝑑 = 12.4 nm , (c) 𝑑 = 13.0 nm , (d) 𝑑 = 13.6 nm , (e) 𝑑 = 16.1 nm 

and (f) 𝑑 = 17.0 nm. The α-helical linker partially unwind (residues 627 to 633) at 

a 𝑑 = 12.4 nm, and salt bridges Glu621-Arg625, Glu630-Asp703 and Arg633-Asp703 

are abolished during the stretching of SR34, in consistent with the curve peaks in Figure 

5c. 

 

  



 

Figure S6. Root-mean-square-fluctuation (RMSF) of wild type (black) and mutant (red) 

of SR34 computed for the backbone atoms are shown as a function of residue number. 

 

 

  



 

 

Figure S7. The force-distance relation of SR34 with point mutations for 

Arg625/Glu630Ala.  

  



 

Figure S8. The AlphaFold predicted SR structures of spectrin superfamily proteins. (a-d) The 

AlphaFold predicted SR structures of alpha-actinin 1 (a), beta-spectrin (b), alpha spectrin (c), and 

dystonin (d). The potential linker-mediated salt-bridge are highlighted with red (Arg, His, and Lys) 

and blue (Asp and Glu) colors. The potential formation of salt-bridge is determined based on the 

measured distance (<0.5 nm) between the salt bridge formation residues. 
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